Rhizobium leguminosarum B556 and 8002 differ only with respect to carrying symbiotic plasmids with specificity for Pisum or Phaseolus hosts, respectively. Protease-treated samples derived from free-living cultures of both strains revealed a ladder of lipopolysaccharide (LPS-1) bands after periodate-silver staining of sodium dodecyl sulfate-polyacrylamide gels. These bands were arranged as doublets. After Western (immuno-) blotting, all LPS-1 bands reacted with monoclonal antibody JIM 21, whereas monoclonal antibody MAC 57 reacted only with the upper (slower-migrating) band and monoclonal antibody MAC 114 reacted only with the lower band of each doublet pair. Preparations obtained from bacteroids of Pisum or Phaseolus nodules showed significant differences in the size distribution and antigenicity of LPS. In bacteroids from Phaseolus sp., JIM 21 and MAC 57 each stained a ladder of LPS-1 bands on sodium dodecyl sulfate-polyacrylamide gels which corresponded in mobility to the upper band of each doublet pair seen in free-living cultures. MAC 114 did not react with the LPS from Phaseolus sp.-derived bacteroids. In bacteroids from Pisum sp., only fast-migrating (lower-molecular-weight) forms of LPS-1 could be visualized on gels, but both upper and lower bands of each doublet were still present and could be stained by the appropriate monoclonal antibody, MAC 57 or MAC 114, respectively. Similarly, bacteroids from R. leguminosarum 3841, which nodulates Pisum species, differed with respect to the structure and antigenicity of their LPS-1 from bacteroids of a related strain, B625, which nodulates Phaseolus species. Physiological factors were investigated that could account for these differences between the structures of LPS-1 from free-living cultures of B556 and 8002 and that from bacteroids. The following modifications in growth conditions each tended to reduce the expression of MAC 114 antigen and enhance the expression of MAC 57 antigen: succinate rather than glucose as the carbon source; microaerobic (2.5%, vol/vol) oxygen concentrations; and acidic (pH 5 to 6) culture medium. When all three of these conditions were combined, the LPS-1 that resulted was very similar to that in bacteroids from Pisum nodules. However, it was not possible to reproduce the LPS-1 pattern observed for bacteroids from Phaseolus nodules, which maintained a ladder of LPS bands reacting with MAC 57 antibody.
Lipopolysaccharides (LPS) are major immunogenic components of the outer membrane of rhizobia and other gramnegative bacteria (24, 26, 47, 56) . The composition of Rhizobium LPS varies greatly among different species as well as among strains of a single species (18, 22, 61) . The LPS molecules from Rhizobium leguminosarium are divided into two broad groups: complex macromolecules (LPS-1), which vary in composition from strain to strain and carry variable numbers of repeating oligosaccharides (O antigen); and smaller macromolecules, termed core LPS (LPS-2), which do not vary among strains of R. leguminosarum (18) (19) (20) (21) . LPS-1, including 0 antigen, is required for proper nodulation of soybeans (46) and nodule development of Phaseolius beans (20, 23, 45) and peas (27) .
In addition to LPS-1, other surface polysaccharides of Rhizobium species are important in the infection process. Mutants of Rhizobium species lacking extracellular polysaccharide have different effects on different legume hosts, ranging from nonnodulating for Leiuc aena, Truifoliium, or Pisum species (10, 29) to the induction of empty nodules (42) in Medicago species (in which induced cortical meristematic activity is not accompanied by tissue invasion by Rhizobiium species); and in Phaseollis species, the extracellular polysaccharide mutants of Rhizobiilm species still induce normal nitrogen-fixing nodules (10) . Mutants of Rhizobiium species that fail to synthesise or export cyclic 1-2 glucans also induce * Corresponding author. empty nodules on alfalfa, and the relevant genes are equivalent to the chromosomal virulence genes chvA and chvB for Agrobacterium species (31, 52) .
Because of the importance of surface polysaccharides for legume infection by Rhizobium species, and because of the very different physiological environments experienced by nodule bacteria and free-living forms, it is not surprising that the development of morphologically and biochemically differentiated endosymbiotic bacteroids is associated with many changes in cell wall composition compared with freeliving rhizobia. Bacteroids of R. leguminosarum do not appear to synthesize a capsular polysaccharide (57) , and successive addition to oligosaccharide repeat units to the LPS structure is reduced in pea bacteroids from some strains (17) . Bal et al. (1, 2) also suggested that during differentiation of Bradyrhizobium japonicum bacteroids, the outer membrane is entirely sloughed off and replaced by a new outer membrane.
Bacteroids differ from free-living rhizobia in having weakened cell walls (57) , a reduction in extracellular polysaccharide synthesis (54) , and variations in membrane-associated LPS (17, 58) and surface proteins (28) . Physiological and biochemical changes associated with the differentiation of bacteroids include the induction of nitrogenase and uptake hydrogenase (5) , of nitrate reductase and changes in cytochrome levels (25, 53) , and of enzymes of heme biosynthesis (38) . Several of the symbiotic characteristics of bac- teroids may also be expressed by free-living cells under low-02 conditions (3, 32, 37) .
In the present study, we examined differences in the form of LPS derived either from free-living cultures or from endosymbiotic (bacteroid) forms of R. leguminosarum. This comparison was made both for R. leguminosarum biovar phaseoli 8002, which nodulates Phaseolus beans, and for R. leguminosarum biovar viciae B556, which nodulates peas. These two strains are genetically related, strain B556 being derived from strain 8002 by removal of the symbiotic plasmid pRP2JI and its replacement with pRLlJI from R. leguminosarum biovar viciae 248 (60) . Hence, the expression of the same chromosomal Ips genes was examined for two strains capable of nodulating different host legumes. These studies revealed that LPS-1 molecules from R. leguminosarum biovar phaseoli 8002 when fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) resulted in two superimposed ladders of LPS-1 bands which were antigenically distinct, as observed by using monoclonal antibodies as probes for intramolecular LPS-1 substructure (24, 26) . Moreover, comparisons of structure and antigenicity revealed major differences in LPS-1 composition between pea-derived bacteroids, beanderived bacteroids, and free-living cultures of the same Rhizobium strains.
MATERIALS AND METHODS R. leguminosarum strain construction. [41] , but B554 has been renamed because most of the cultures of 8401 now in existence carry an unexplained mutation affecting the mobility of the fast-migrating LPS-2 form of LPS.) The transfer of symbiotic plasmid pRLlJI (34) from the donor strain 248 (biovar viciae) to the recipient strain (B554) was performed as described by Brewin et al. (13) leguminosarum 300 (biovar viciae) and hence a close relative of strain 3841 (= 300 str), as described by Wood et al. (60) .
The validity of the constructed strains was tested by analysis of plasmids on agarose gels (34) and by appropriate nodulation tests on Pisum and Phaseolus species (10, 15 (17) . Monoclonal antibodies with epitope specificity similar to that of JIM 21 were the most common products from this fusion.
The isolation of AFRC MAC 57 and AFRC MAC 114 has been described previously (17) . Evidence that MAC 57 leguminosarum strains were cultured on agar slants containing TY medium at 28°C and harvested 3 days after inoculation. Cells grown in liquid medium were also centrifuged at 10,000 rpm for 10 min and suspended in sterile water. The suspension was concentrated by centrifugation at 10,000 x g for 3 min in a microcentrifuge and suspended at 109 cells per ml in Tris-buffered saline. The cells were centrifuged and suspended again in Tris-buffered saline to remove the exopolysaccharides. The pellets were dissolved in 25 mM Biochemical fractionation of root nodules for bacteroid preparations. Nodules from 75 peas or 50 bean plants were harvested from roots and homogenized at 4°C in a mortar and pestle in Tris-dithiothreitol buffer (50 mM Tris hydrochloride [pH 7.5], 10 mM dithiothreitol) containing 0.5 M sucrose, 5% (wt/vol) insoluble polyvinylpolypyrrolidone, and 5 mM para-aminobenzamidine. After centrifugation at 10,000 x g for 1 min, the supernatant fraction was removed. Bacteroids enclosed by peribacteroid membranes were prepared by fractionation through sucrose cushions in microcentrifuge tubes as described by Brewin et al. (15) . The membrane-enclosed bacteroids were then subjected to mild osmotic shock treatment (Tris-dithiothreitol buffer without sucrose), followed by centrifugation at 10,000 x g for 1 min to sediment the bacteroids. The bacteroid fraction was further purified by centrifugation for 10 min through a sucrose step gradient of 17.5 to 70% sucrose in a 1.5-ml microcentrifuge tube. This material was suspended in 1 ml of Tris-dithiothreitol buffer containing 0.5 M sucrose and ruptured by sonication to give the bacteroid fraction. The bacteroid samples were mixed with solubilization buffer and treated with protease as described for free-living bacteria. Strain B554, a nonnodulating derivative of 8002 lacking the symbiotic plasmid pRP2JI, was also examined (Fig. 1A,  lane 2) . The distribution of LPS-1 and LPS-2 derived from free-living cultures of B554 (nonnodulating) was indistinguishable from that of the parent strain 8002 (biovar phaseoli). Moreover, strain B556 [= B554(pRL1JI)], which has acquired the ability to nodulate peas instead of Phaseolus beans, also gave an LPS profile that was indistinguishable from that of 8002 (Fig. 1A, lane 3) . These results suggest that the symbiotic (sym) plasmid had no effect on LPS expression under these free-living conditions. The addition to culture media of the flavone hesperetin, which induces transcription of nodulation genes (44 and references therein), did not change the profile of LPS bands in 8002 or B556 (data not shown).
Close examination of the LPS-1 region of the gel for samples from all three strains, 8002, B554, and B556 (Fig.  1A) , revealed that the spacing between successive bands was not uniform but that the bands were arranged as doublets. Thus, two LPS-1 bands of very similar mobility (forming a doublet pair) were separated by a slightly larger distance from the next adjacent band, which itself formed part of a doublet pair (Fig. 1A) . (A possible interpretation of this banding pattern is that there are two different families of LPS-1 macromolecules, each sharing the same 0-antigen periodicity, but one family of macromolecules carries an additional component which alters its overall electrophoretic mobility relative to that of the other family of macromolecules.)
In In B556 bacteroids from Pisum nodules, only the lowermolecular-weight forms of LPS-1 could be visualized on gels (Fig. 1B, lane 3) . (Incidentally, the immunostaining bands present at ca. 45 kilodaltons for protein molecular mass markers were observed sporadically among different LPS preparations and may represent an autoaggregation state of LPS under certain conditions, as has been previously observed when proteinase-treated bacterial samples were compared with untreated controls [22, 60] .) Both upper and lower bands of each LPS-1 doublet were still present in samples from B556 bacteroids.
Thus, the silver-staining pattern of LPS-1 for B556 bacteroids from Pisum nodules was very different from that of the LPS-1 of 8002 bacteroids from Phaseolus nodules (Fig.  1B) , despite the fact that free-living cultures of B556 and 8002 yielded identical profiles for LPS-1 (Fig. 1A) . The low-molecular-weight LPS-2 material was still present in bacteroids obtained from both Pisum and Phaseolus nodules (Fig. 1B) .
Immunoblotting of LPS antigens. Monoclonal antibodies JIM 21, MAC 57, MAC 114, and MASM 1 were used to analyze Western blots (immunoblots) of LPS preparations separated by SDS-PAGE to examine details of the molecular architecture of LPS-1 in free-living cultures of 8002 and B556. The mouse-derived MASM 1 reacted with material in the fast-migrating LPS-2 region of the gel (Fig. 2) , as might be expected for an antibody which is known to identify free ketodeoxyoctonate residues in LPS (43) . However, none of the three rat-derived monoclonal antibodies reacted with this material. The immunostaining pattern obtained with monoclonal antibody JIM 21 yielded a series of doublet bands which corresponded in electrophoretic mobility to the LPS-1 bands visualized by silver staining for samples from freeliving cultures of strain 8002 or B556 (Fig. 3) reacted only with the lower band for each doublet pair that reacted with JIM 21 (Fig. 3) . Thus, using monoclonal antibodies MAC 57 and MAC 114 as molecular probes, the LPS-1 bands of strain 8002 and B556 were resolved into two antigenically distinct families of macromolecules, corresponding to the upper and lower bands of each doublet pair that could be immunostained with JIM 21 or chemically stained by periodate-silver treatment.
Against LPS preparation of 8002 bacteroids from Phaseolus species, MAC 57 and JIM 21 each stained a ladder of singlet LPS-1 bands after SDS-PAGE and Western blotting (Fig. 2, lanes A) . These bands correspond in mobility to the upper band of each doublet pair seen in free-living cultures of 8002 or B556 (lanes B and C, respectively). MAC 114, which stained the lower band of each doublet pair in samples from free-living cultures, did not stain the LPS-1 region of 8002 bacteroids. This result is consistent with the earlier observation made after periodate-silver staining of SDSpolyacrylamide gels (Fig. 1B) Samples from pea-derived B556 bacteroids were also examined for their immunostaining patterns with MAC 57, JIM 21, and MAC 114 after SDS-PAGE and electroblotting (Fig. 2, lanes D) . The bacteroid samples did not show the extended immunostaining ladder with MAC 57, JIM 21, or MAC 114 that was observed in the LPS-1 region for freeliving cultures of B556; in bacteroids, only the fast-migrating forms of LPS-1 antigen were observed (Fig. 2, lanes D) Bacteroids of strain B625 were isolated from Phaseolus nodules, and the LPS was examined after SDS-PAGE, electroblotting to nitrocellulose sheets, and immunostaining with MAC 57 (Fig. 4) . In preparations from B625 bacteroids (Fig. 4, lane A) , a ladder of LPS-1 bands was present which stained with MAC 57, whereas in the related strain 3841, the bacteroids isolated from pea nodules (Fig. 4, lane D) showed only low-molecular-weight LPS-1 forms that reacted with MAC 57. When strains B625 and 3841 were grown under free-living conditions in liquid Y,u5 medium, the LPS profiles were indistinguishable, being somewhat intermediate between the two bacteroid forms (Fig. 4, lanes B and C) .
Effects of carbon substrate on LPS profile. Because the patterns of LPS synthesis and antigenicity differed between bacteroid and free-living forms of the same Rhizobium strain (Fig. 2 and 4) , cultures of B556 and 8002 were grown under a range of physiological conditions (37) to investigate the effects on LPS structure for several antigens identified by monoclonal antibodies. Initially, the effects of carbon source (glucose or succinate) were compared for liquid cultures grown in buffered medium (pH 7.0) under well-oxygenated conditions (Fig. 5) . Growth of B556 or 8002 on glucose virtually abolished the synthesis of MAC 57 antigen, but J. BACTERIOL. after SDS-PAGE and Western blotting, immunostaining revealed a ladder of LPS bands staining with MAC 114 and JIM 21 antibodies. This result is interpreted to involve the differential suppression by glucose of one of the two families of LPS-1 macromolecules, namely, the upper band of each doublet pair, which reacts specifically with MAC 57 antibody. This is in complete contrast to the situation in 8002 bacteroids from Phaseolus nodules (Fig. 2, lanes A) , in which the presence of the other LPS-1 family was suppressed, namely, the lower band of each doublet pair, which normally reacts specifically with MAC 114.
Cultures grown on succinate medium showed stronger expression of MAC 57 antigen, and the LPS-1 forms recognized by all three antibodies (JIM 21, MAC 57, and MAC 114) were relatively fast migrating compared with those of glucose-grown cultures. Parallel experiments involving cultures of 8002 gave identical results (data not shown).
Effects of pH and low oxygen on LPS profiles. Cultures of B556 were grown on glucose in aerated liquid medium at a range of pH values to examine variations in LPS-1 profiles (Fig. 6A) . As indicated previously (Fig. 5) , when grown at pH 7.0, the aerated cultures grown on glucose showed strong expression of MAC 114 antigen and negligible expression of MAC 57 antigen. Repression of the MAC 57 antigen was seen only in the region of pH 7.0. For cultures grown at pH 8.0, a doublet LPS-1 pattern was present (data not shown), and similarly, progressive reduction of culture pH down to 5.0 resulted in a gradual increase in expression of MAC 57 antigen and a reduction in expression of MAC 114 antigen by these cultures (Fig. 6A) .
In an attempt to create culture conditions that might simulate the physiological environment of bacteroids, the above experiment was repeated for cultures of B556 or 8002 grown with succinate as the carbon source and under lowoxygen conditions (2.5% [vol/vol] 
DISCUSSION
The LPS of R. leguminosarum 8002 and the related strain B556 were separated into two major regions of an SDSpolyacrylamide gel (Fig. 1) . Complete core-lipid A molecules (LPS-2) migrated the fastest, and these could be stained by MASM 1, a monoclonal antibody recognizing free 2-keto-3-deoxyoctulosonic acid (Fig. 2) . The slower-migrating (LPS-1) forms consisted of a series of LPS macromolecules with a ladderlike banding pattern, which is considered to be due to successive additions of an oligosaccharide repeating unit (0 antigen) onto an LPS core structure (18) . Heterogeneity in the LPS from strains of Escherichia coli, Salmonella typhimurium, and Pseudomonas aeruginosa has also been reported (33, 35, 39) . Rivera et al. (48, 49) described the existence of two families of LPS macromolecules that were immunochemically distinct in P. aeruginosa PAO1 derivatives. These LPS families differed in overall size distribution, the composition of 0-polymer structures (in relation to amino sugars and rhamnose and the extent of substitution by phosphate or sulfate), and in the structure of the lipid A head group.
After fractionation by SDS-PAGE, the LPS-1 material from protease-treated bacterial samples of R. leguminosarum 8002 or B556 consisted of a ladderlike series of paired (doublet) bands (Fig. 1 ) which could be visualized by periodate oxidation and silver staining. The two bands of each doublet were further distinguished by their specific staining reactions with monoclonal antibodies after Western blotting (Fig. 3) . JIM 21 128C53 that the complete LPS molecule consists of a strainspecific 0-antigen moiety that is rich in rhamnose, fucose, and mannose and a core polysaccharide that is rich in galacturonic acid and is fairly uniform in composition for most strains of R. leguminosarum. We have found (unpublished Whatever the nature of the epitopes recognized by MAC 57 and MAC 114, expression of these antigens must depend on the physiological conditions experienced by rhizobia, both in free-living culture ( Fig. 5 and 6 ) and within the nodule (Fig. 2 and 4) . Comparison of LPS from bacteroids of pea (B556) and bean (8002) nodules showed that the LPS from bean-derived bacteroids had relatively long-chain LPS- 1 (Fig. 2 and 6 ). Studies on cultures grown in freeliving conditions showed that the expression of MAC 57 antigen was enhanced relative to MAC 114 antigen by growth in succinate rather than glucose, by growth at low pH (5.0 to 6.0) rather than neutral pH, and by growth in microaerobic (2.5% [vol/vol] 02) rather than in well-oxygenated conditions. The combination of all three of these conditions resulted in an LPS antigen profile that was very similar to that for pea-derived bacteroids, and indeed these physiological conditions are likely to be similar to those experienced by bacteroids within the pea nodule. These bacteroids would be growing under microaerobic conditions (59); they would receive succinate and not glucose as their major carbon source (50) ; and in view of the presence of a proton-ATPase and a dicarboxylic acid transport system on the plant-derived peribacteroid membrane (9, 55) , the ambient pH of the peribacteroid space would quite possibly be somewhat acidic. Perhaps the LPS-1 composition of bacteroids reflects the physiological environment of bacteroids in the peribacteroid space.
This study and our previous results (17) have demonstrated that LPS structure and antigenicity may be different for free-living bacteria compared with bacteroids derived from either Pisum or Phaseolus nodules. These results are in agreement with a previous study relating to the LPS of R. leguminosarum 3841 (37, 58, 60) , which described the expression of a nodule-induced form of LPS antigen identified by monoclonal antibody AFRC MAC 203. Expression of this particular LPS antigen was observed when the culture medium was either microaerobic or acidic, perhaps reflecting the physiological conditions that might be prevalent within the legume root nodule. Using monoclonal antibodies as probes for submolecular structure, it has thus been possible to identify physiological conditions that give rise to cultures of free-living rhizobia in which the LPS more closely resembles that of nodule bacteria. Future studies of a biochemical or genetic nature aimed at defining the role of Rhizobium LPS in relation to the development of the symbiotic nitrogen-fixing nodule should take into account the fact that the environmental conditions experienced by nodule bacteria may profoundly affect the form of LPS that these bacteria are induced to synthesize.
